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EFFECT OF SEEDING AND I O N  SLIP ON ELECTRON 

HEATING I N  A MAGNETOHYDRODYNAMIC 

SUMMARY 

The influence of electron-ion co l l i s ions  on t h e  attainment of high electron 
temperatures and t h e i r  corresponding e f f e c t s  on conductivity and power densi ty  
i n  magnetohydrodynamic generators have been examined theo re t i ca l ly .  For argon 
seeded with various s m a l l  amounts of cesium, it was found t h a t  t h e  presence of 
seed i s  ac tua l ly  deleter ious t o  e lectron heating. The maximum electron tempera- 
ture ,  conductivity, and power densi ty  a r e  a t t a ined  without seed. The e f f ec t  of 
ion s l i p  has a l s o  been analyzed, and t h e  value of t h e  r a t i o  of magnetic f i e l d  t o  
gas pressure f o r  maximum power densi ty  has been determined for unseeded argon. 

INTRODUCTION 

The magnetohydrodynamic (MHD) power generator, which converts t h e  k ine t i c  
energy of a conducting f l u i d  d i r e c t l y  i n t o  e l e c t r i c a l  energy, has shown promise 
of becoming an important energy-conversion device (ref. 1). One of t h e  funda- 
mental problems with t h i s  device has been t h e  attainment of a s u f f i c i e n t l y  high 
equilibrium e l e c t r i c a l  conductivity of t h e  gas at t h e  s t a t i c  temperatures t ha t  
a r e  a t t a ined  i n  p r a c t i c a l  generators. 

Since t h e  usefu l  e l e c t r i c a l  power produced by t h e  generator i s  proportional 
t o  t h e  k ine t i c  energy of t h e  gas flowing through it, high gas ve loc i t i e s  a r e  
desirable .  To provide such high ve loc i t ies ,  a l a rge  port ion of t h e  i n i t i a l  ther -  
m a l  energy of t h e  gas must be converted in to  k ine t i c  energy, and t h i s  process 
reduces t h e  s t a t i c  gas temperature and, therefore,  t h e  equilibrium degree of 
ion iza t ion  and conductivity. One means of providing a su f f f c i en t ly  high con- 
duc t iv i ty  at t h e  s t a t i c  gas temperature involves preheating t h e  gas and seeding 
it with an a l k a l i  vapor (e.g., cesium or potassium) of low ionizat ion poten t ia l .  
In severa l  experimental devices ( r e f s .  2 t o  41, combustion gases have been used, 
which required a flow-through cycle. A t  t h e  a t t a inab le  gas temperatures (2000O 
t o  3000' K), only t h e  seed vapor becomes ionized t o  any appreciable extent.  

I A b r i e f  summary of some of t h e  results presented i n  t h i s  report  was given 
a t  t h e  Fourth Symposium on Engineering Aspects of Magnetohydrodynamics, 
Berkeley, California, Apri l  10-11, 1963. 



11l1l1ll I l1l111 I 

The apparent l imi t a t ion  imposed by t h e  maximum permissible gas temperature 
may, i n  f ac t ,  be  circumvented by nonequilibrium ionizat ion processes. The proc- 
ess  of e lec t ron  heating has a t t r a c t e d  considerable a t t en t ion  as a means of pro- 
viding an adequate degree of ion iza t ion  even at comparatively low gas tempera- 
tures. In  t h i s  process, t h e  electrons gain energy from t h e  induced e l e c t r i c  
f i e l d s .  On e l a s t i c  c o l l i s i o n  with ions or atoms, the d i rec ted  energy of t h e  
electrons is converted i n t o  random or thermal energy. The electrons l o s e  energy 
i n  these  co l l i s ions ,  but, because of t h e  l a rge  d i s p a r i t y  i n  mass between t h e  
e lec t ron  and i ts  c o l l i s i o n  partner,  t h i s  energy loss  is a very small f r a c t i o n  of 
t h e  i n i t i a l  k i n e t i c  energy of t h e  e lec t ron  (ref. 5, p. 474). Consequently, i n  a 
strong e l e c t r i c  f i e l d  the electrons may acquire a mean thermal energy t h a t  great-  
l y  exceeds t h e  mean thermal energy of the gas. 
energies, t h e  electrons may cause f u r t h e r  ion iza t ion  on c o l l i s i o n  with the gas 
at oms. 

Moreover, because of t h e i r  high 

The presence of e lec t ron  heating in  gas-discharge phenomena was recognized 
by early workers i n  the f i e l d  of gaseous e lec t ronics  (ref. 6 ) .  More recently,  
Kerrebrock (ref. 7 )  noted tbt t h e  measured conductivity of a potassium-seeded 
argon plasma was l a r g e r  than t h a t  which could be  provided by equillbrium ioniza- 
t i o n  at t h e  gas temperature. Kerrebrock assumed that t h i s  e f f ec t  was due t o  
e lec t ron  heating and proposed a simple theory t o  predict  t h e  conductivity at 
elevated e lec t ron  temperatures. The e s s e n t i a l  feature of this theory  i s  that 
t h e  ion iza t ion  and volume recombination processes are assumed t o  be i n  equilib- 
r i u m  a t  t h e  e lec t ron  temperature. The Saha equation, which i s  based on equi- 
l ibrium thermodynamics and s t a t i s t i c a l  mechanics (e.g., see der ivat ions i n  r e f .  
5, p. 427 and r e f .  8) ,  is  used t o  ca l cu la t e  t h e  degree of ionization, but t h e  
electron temperature i s  used i n  place of t h e  equilibrium gas temperature. 
Kerrebrock found that t h e  predicted va r i a t ion  of conductivity with both current 
dens i ty  and gas temperature was  i n  agreement with t h e  experimental results and 
therefore  concluded that t h e  assumption of ion iza t ion  equilibrium at t h e  elec- 
t r o n  temperature was j u s t i f i e d .  The v a l i d i t y  of t h e  appl icat ion of t h e  equi- 
l ibr ium Saha equation t o  t h e  nonequilibrium case of ionizat ion at elevated elec- 
t r o n  temperatures has been establ ished for a cesium plasma by Ben Daniel and 
Tamor (ref. 9 ) .  The r e s u l t s  show t h a t  t h e  Saha equation i s  an excellent approx- 
imation for e lec t ron  temperatures i n  excess of 0.3 e lec t ron  vo l t  and cesium gas 
dens i t i e s  g rea t e r  than atoms per  cubic centimeter. 

The appl ica t ion  of Kerrebrock's theory  t o  various configurations of Mw 
generators  was car r ied  out by Hurwitz, Sutton, and Tamor (ref. 10). In that 
paper; as i n  Kerrebrock's analysis ,  t h e  e lec t ron  temperature was determined by 
equating t h e  r a t e  of energy gain by t h e  electrons from t h e  induced e l e c t r i c  
f i e l d s  t o  t h e  ra te  of energy l o s s  i n  e l a s t i c  co l l i s ions  w i t h  t h e  neu t r a l  gas 
atoms. Because of t h e  low degrees of ion iza t ion  a t ta ined ,  electron-ion c o l l i s -  
ions were assumed t o  occur infrequent ly  and t h e i r  contr ibut ion t o  t h e  energy 
t r a n s f e r  was negl igible .  A somewhat similar ana lys i s  of t h e  performance of MAD 
generators with e lec t ron  heating was made independently by Wright and S w i f t -  
Hook (ref .  11), and electron-ion co l l i s ions  were a l s o  neglected by them. 

The neglect of electron-ion co l l i s ions  i s  not jus t i f ied ,  even f o r  low 
degrees of ionization. 
ca lcu la t ion  shows that t h e  electron temperature may become so  high that a degree 

If a monatomic gas with a s m a l l  c ross  s ec t ion  i s  used, 
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of ionizat ion i s  a t ta ined  at which electron-ion co l l i s ions  a r e  t h e  dominant mo- 
mentum and energy interchange process. Because of t h e  la rge  coulomb cross sec- 
t i o n  for electron-ion col l is ions,  such a s i t u a t i o n  may occur at a qui te  minute 
degree of ionization. Dougal and Goldstein ( r e f .  1 2 )  have shown experimentally 
t h a t ,  under cer ta in  conditions i n  gas discharges, t h e  energy exchange between 
t h e  electrons and ions predominates even when t h e  degree of ionization i s  l e s s  
than 0.001 percent. 

The object of t h e  present report  i s  t o  assess  t h e  e f fec t  of electron-ion 
c o l l i s i o n s  on t h e  attainment of high electron temperatures and t h e  performance 
of MHD generators. This e f fec t  i s  studied with par t icu lar  reference t o  t h e  
optimum conditions of operation of t h e  generator, p a r t i c u l a r l y  t h e  optimum 
degree of seeding and t h e  optimum gas pressure. 

MOMENTUM AND ENERGY EQUATIONS 

A p a r t i a l l y  ionized, e l e c t r i c a l l y  neut ra l  mixture of monatomic gases i s  con- 
sidered. The gas mixture consis ts  of atoms ( A )  and s ingly charged ions (A+) of 
t h e  c a r r i e r  gas, atoms (S 
electrons ( e ) .  +(Symbols a r e  defined i n  appendix A . )  
w i t h  ve loc i ty  u 
B. A s  a r e s u l t  of this motion an induced e l e c t r i c  f i e l d  u X B i s  s e t  up, which 
together  with t h e  e l e c t r i c  f i e l d  E, pressure gradients, and other forces causes 
t h e  various species of p a r t i c l e s  t o  move with d r i f t  v e l o c i t i e s  Gr ( r  = A, A+, S, S+) 
r e l a t i v e  t o  t h e  mean gas flow. Furthermore, t h e  charged p a r t i c l e s  may absorb 
energy from t h e  e l e c t r i c  f i e l d  and acquire temperatures that exceed t h e  mean 
s t a t i c  temperature T of t h e  gas mixture. 

and s ingly  charged ions ( S + )  of t h e  seed gas, and 
The gas moves as a whole 

perpendicular t o  a uniform s t a t i c  magnet$ f$eld of i n t e n s i t y  + 

In principle,  it i s  possible t o  determine t h e  temperatures and v e l o c i t i e s  
of t h e  various species by considering a system of f i v e  momentum and f i v e  energy 
equations, one f o r  each species, i n  conjunction w i t h  other equations describing 
other properties t h a t  may be involved. Since a l l  these  equations a r e  coupled, 
such a general  program c l e a r l y  involves a prohibi t ive degree of complexity. A 
much simpler system of equations w i l l  be used herein. 
s iderably simplified versions of momentum and energy t r a n s f e r  equations tha t  were 
derived by Burgers i n  references 13 and 14 from t h e  Boltzmann equation. The 
s implif icat ions a r e  described i n  appendix B and a r e  equivalent t o  t h e  neglect of 
s p a t i a l  nonuniformities i n  t h e  propert ies  of t h e  electrons and ions, but some 
attempt i s  made i n  appendix B t o  j u s t i f y  t h e  neglect of such terms. O f  perhaps 
more s ignif icance than t h e  neglect of nonuniformities i s  t h e  f a c t  t h a t  t h e  basic  
equations derived i n  references 13 and 14  neglect i n e l a s t i c  co l l i s ions .  
e l a s t i c  c o l l i s i o n s  w i l l  a l s o  be neglected herein. 

These equations a r e  con- 

In- 

The s implif ied momentum equations a r e  

t 

(r = e, A+, stj t = e, A+, S+, A, S )  
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Equation (1) simply expresses a balance between t h e  rate of increase i n  t h e  aver- 
age momentum of species r due t o  t h e  ac t ion  of t h e  Lorentz force ( le f t  s i d e )  
and t h e  rate of momentum loss  through c o l l i s i o n s  with a l l  other species ( r igh t  
s i d e ) .  Here, er and mr are, respectively, t h e  charge and t h e  m a s s  of a par- 
t i c l e  of species r, and z* 
ordinates moving with t h e  mean gas ve loc i ty  u; that is, 

is t h e  e f f e c t i v z  e l e c t r i c  f i e l d  i n  a system of co- 

z++ = 2 + u’ x s (2 )  
-+ 

where E is t h e  e l e c t r i c  f i e l d  (v/m) i n  t h e  laboratory coordinate system, and 
B A s  mentioned before, 
gr i s  t h e  mean d r i f t  ve loc i ty  of species r, t h a t  is, t h e  ve loc i ty  r e l a t i v e  t o  
t h e  gas v e l o c i t y  t. The mean c o l l i s i o n  frequency f o r  momentum t r a n s f e r  from 
species r t o  species t i s  denoted by v ~ .  The expressions f o r  t h e  various 
quant i t ies  v r t  will be presented i n  t h e  sect ion Collision Frequencies. 

+ 
is  t h e  i n t e n s i t y  of t h e  magnetic f i e l d  (webers/sq m ) .  

It should be pointed out t h a t  t h e  momentum equations a r e  wri t ten only f o r  
t h e  electrons and t h e  ions. The f u r t h e r  assumption i s  made here that t h e  d r i f t  
v e l o c i t i e s  of both t h e  seed and t h e  c a r r i e r  gases a r e  negligible.  Since t h e  
atoms a r e  not subject t o  t h e  e l e c t r i c  forces  t h a t  give rise t o  t h e  d r i f t  veloc- 
i t i es  of t h e  charged species, t h i s  i s  c e r t a i n l y  a reasonable assumption. 

The temperatures of a l l  atom and ion species a r e  assumed t o  be equal t o  t h e  

Therefore, t h e  only energy equation t h a t  w i l l  be considered is t h e  f o l -  
s t a t i c  temperature T of t h e  gas mixture, excluding t h e  electrons (see appen- 
d ix  B) .  
lowing simplified energy equation f o r  t h e  electrons: 

-ewe E + + 3  = - 2 k(Te - T ) X :  vet (3) 

where e i s  t h e  magnitude of t h e  charge of an electron, and k i s  t h e  Boltzmanr 
constant. Equation (3) balanczs t h e  r a t e  of gain of energy by t h e  electrons fron 
t h e  e f fec t ive  e l e c t r i c  f i e l d  with t h e  r a t e  of l o s s  of energy i n  e l a s t i c  col-  
l i s i o n s  with atoms and ions. 

@ 

Although i n e l a s t i c  c o l l i s i o n s  a r e  not considered here, i n  some cases they  
may be taken i n t o  account by using an appropriately modified c o l l i s i o n  frequency. 
In  references 7 and 10, a mean l o s s  f a c t o r  i s  introduced on t h e  r igh t  s ide  of 
equation (3) i n  t h e  term refer r ing  t o  electron-neutral  co l l i s ions .  This f a c t o r  
accounts f o r  t h e  energy l o s t  by t h e  electrons i n  exci t ing t h e  v ibra t iona l  and 
r o t a t i o n a l  energy l e v e l s  of a molecule on co l l i s ion .  Since t h i s  fac tor  may be 
large, a polyatomic gas is general ly  disadvantageous f o r  e lectron heating. Thus, 
a t ten t ion  i s  r e s t r i c t e d  here to monatomic gases. 

Equations (1) and ( 3 ) ,  together  with t h e  Saha equations, which predict  t h e  
degrees of ionizat ion of t h e  c a r r i e r  gas and seed as a function of electron tem- 
perature, form t h e  bas is  of t h e  subsequent analysis.  The Saha equations are 
presented i n  t h e  next section. Then t h e  problem i s  t r e a t e d  i n  two par ts .  In the  
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first par t  it i s  assumed that ion s l i p  is  negligible.  T h i s  means that t h e  den- 
s i t y  of t h e  neut ra l  gas is s u f f i c i e n t l y  high and t h e  f i e l d s  s u f f i c i e n t l y  low that 
co l l i s ions  between t h e  atoms and t h e  ions e f fec t ive ly  constrain t h e  ions t o  move 
a t  t h e  gas velocity; that  is, t h e  d r i f t  v e l o c i t i e s  of the  ion species may be 
taken t o  be zero. 
treated,  and par t icu lar  a t t e n t i o n  will be paid t o  t h e  question of t h e  optimum 
degree of seeding. 

For t h e  case of negl igible  ion s l lp ,  t h e  seeded gas w i l l  be 

Ion s l i p  may become important f o r  strong magnetic f i e l d s  or low gas den- 
s i t i e s .  Thus, t h e  e f fec t  of ion s l i p  i s  considered i n  t h e  second par t  of t h e  
problem. For th i s  case it is s u f f i c i e n t  t o  consider an unseeded gas, f o r  
reasons t h a t  w i l l  appear l a t e r .  

DEGREE OF IONIZATION OF A SEEDED GAS 

The degree of ionization of a seeded gas i s  obtained on t h e  basis of 
Kerrebrock's assumption ( re f .  7 ) ,  t h a t  t h e  volume ionizat ion and recombination 
processes a r e  i n  equilibrium at t h e  electron temperature and that t h e  Saha equa- 
t i o n  is val id .  In previous analyses ( re fs .  7 and lo), it has been assumed t h a t  
only t h e  seed provides an appreciable number of ions and electrons; however, i n  
an t ic ipa t ion  of high electron temperatures, t h e  ionizat ion of both t h e  seed and 
t h e  c a r r i e r  gas w i l l  be considered here. Thus, it i s  necessary t o  solve t h e  
following two Saha equations ( re f .  15) :  

For S 2 S+ + e: 

For A = A +  + e: 

( 5  1 

In  these  equations, Vs and VA a r e  t h e  f irst  ionizat ion poten t ia l s  of t h e  seed 
and t h e  c a r r i e r  gas, respectively,  h gS+, gsJ gA+, 
and gA are t h e  ground-state degeneracies of t h e  respective ions and atoms. A 
t a b l e  of these  degeneracies f o r  severa l  gases is given i n  reference 16. 

i s  t h e  Planck constant, and 

Before ionization takes  place, l e t  t h e r e  be N i  atoms of t h e  c a r r i e r  gas 
and N g  atoms of t h e  seed per un i t  volume. Then 

N i  = NA + NA+ 

s s S+ N o = N  + N  

5 



The equations (4 )  t o  ( 6 )  together with the  condition of charge neu t r a l i t y  

a r e  su f f i c i en t  f o r  t h e  determination of Ne as a funct ion of Te once 
N i  and have been specified.  

Numerical solut ion of these  equations is  required, and an i t e r a t i o n  method 
i s  convenient. Since t h e  ionizat ion po ten t i a l  of the c a r r i e r  gas is  usual ly  
severa l  t imes tha t  of t h e  seed, t h i s  method may be car r ied  out as follows. For 
t h e  f irst  approximat ion, NA+ m a y  be set  equal t o  zero i n  equation ( 7 )  and 
calculated from equation ( 4 ) .  This value of Ns+ i s  then used with equa- 
t i o n s  (5)  and ( 7 )  t o  ca lcu la te  
ta ined  f o r  NA+. 

NA+. The process is  repeated with t h e  value ob- 
This procedure was found t o  converge qu i t e  rapidly.  

GENERATOR WITH SEEDED GAS 

Current -Temperat ur e-Field Relat ions 

To determine t h e  electron temperature from the electron energy equation ( 3 ) ,  
it i s  f irst  necessary t o  zb ta in  t h e  electron d r i f t  ve loc i ty  from equation (1). 
Here it i s  assumed t h a t  wr = 0 f o r  
equations (1) except t h a t  f o r  t h e  electrons may be discarded. 

r = A, A+, S, S+; hence, a l l  t h e  momentum 

If t h e  electron m a s s  i s  neglected when it appears i n  t h e  sum me + m t ( t  f e )  
i s  introduced, t h e  electron momentum equa- and t h e  t o t a l  c o l l i s i o n  frequency 

t i o n  may be wr i t ten  as 
ve 

+ -+ -+* -+ -e(E + we x B )  = meVewe 

where 

It i s  convenient t o  formulate t h e  problem i n  terms of t h e  electron current 
dens it y 

+ 
J = -N  ew' e e e  

which i n  t h e  case of no ion slip i s  a l so  t h e  t o t a l  current.  
wri t ten as 

Equation (8)  may be 

+ 
-+ - p  - X J  B +  = U E  +* 
Je e~ e 0 
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where a0 i s  t h e  sca la r  conductivity 

2 N e  e 
m v  e e  

Go = - 

and Pe i s  t h e  electron Hall parameter, which i s  defined as 

p e = - - -  we - eB 
meVe e V 

where we = eB/me i s  t h e  electron cyclotron frequency. 
+ 

It w i l l  be  assumed that t h e r e  i s  no component of t h e  e lec t ros taq ic  f i e l d  E 
i n  t h e  d i rec t ion  of t h e  magnetlc f ie ld ;  hence, t h e  e f fec t ive  f i e l d  @ and t h e  
current a r e  perpendicular t o  B. This assumption i s  based on t h e  f a c t  that t h e  
two w a l l s  of t h e  generator duct t h a t  a r e  perpendicular t o  t h e  magnetic f i e l d  a r e  
insulakors w i t h  no g o t e n t i a l  difference between them. Equation (11) may be 

f o r  Je by multiplying both s ides  by t h e  vector operator 
+ +  

by noting that, because B - J e  = 0, 

-+ + 
B X (g X Te) = -Je 

The r e s u l t  i s  

+ 
OO x 2*) + 

2 J =  e 
1 + Pe 

The second term i n  t h e  parentheses on t h e  r igh t  s i d z  of equ5tion (14)  rep- 

The energy equation (3) i s  rewri t ten as 

resents  t h e  H a l l  f i e l d ,  which i s  perpendicular t o  both B and I!?. 

+ +* 3 
Je E = 2 k(Te - T)vEN, 

where vE i s  t h e  e f fec t ive  c o l l i s i o n  frequency f o r  e n e r g y t r a n s f e r  defined as 

+ 
The energy equation (15) may be recast  i n  t h e  following manner: Either Je 

may be eliminated by means of equation (14), s o  that a r e l a t i o n  i s  obtained be- 
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+* tween t h e  electron temperature Te and t h e  e f f e c t i v e  f i e l d  ;*, or E may be 
eliminated by means of equation (ll), s o  t h a t  an equation r e l a t i n g  J, and Te 
i s  obtained. The l a t t e r  choice is  adopted here. From equation (ll), it follows 
t h a t  

hence, equation (15) may be wri t ten as 

2 e2k Je = 3 - 6(Te - T) m 

where m i s  t h e  m a s s  of an atom of t h e  c a r r i e r  gas and 6 i s  defined as 

1 6 = -  
2 

m 
me 
- t f e  

vet 

t f e  

It can be seen from equation (19)  t h a t  6 is  of t h e  order of m/mt, where 
t h e  subscript  t 
c o l l i s i o n  frequency vet. For argon seeded with cesium, 6 may vary between 
mA,/mCs = 0.3 and 1. For an unseeded gas, 6 1. Thus, i n  t h e  cases of in-  
t e r e s t  i n  this  report ,  6 i s  only weakly dependent on t h e  magnitude of t h e  col- 
l i s i o n  frequencies, so  that equation (18) is  v i r t u a l l y  independent of t h e  col- 
l i s i o n  frequencies. 

corresponds t o  t h e  atom or t h e  ion species with t h e  la rges t  

Solution f o r  Segmented Generat or 

For purposes of calculation, it i s  convenient t o  proceed i n  t h e  following 
manner: An electron temperature i s  assumed, and t h e  electron number densi ty  
calculated from equations (4), ( 5 ) ,  and ( 7 ) .  The magnitude of t h e  current i s  
then determined by means of equation (18), once t h e  c o l l i s i o n  frequencies have 
been found and 6 has been calculated.  The corresponding ef fec t ive  f i e l d  %* 
i s  obtained from equation (11) t o  determine t h e  generator operating point.  
Since only t h e  magnitude of t h e  current can be found from equation (18), it i s  
necessary t o  have a condition on t h e  d i rec t ion  of e i t h e r  t h e  current or t h e  
e l e c t r i c  f i e l d .  This condition i s  obtained from consideration of t h e  generator 
configuration. 

The configuration of a segmented electrode generator t o  be considered i s  
shown i n  t h e  following sketch. This configuration has been proposed t o  eliminate 
t h e  axial H a l l  current and thus  improve t h e  generator performance ( r e f s ,  1 
and 10). Each p a i r  of electrodes is  connected t o  a separate load, and t h e  loads 
a r e  adjusted so  t h a t  t h e r e  i s  an a x i a l  e l e c t r i c  f i e l d  E$, which jus t  balances 
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t h e  H a l l  f i e l d  Pe$. Thus, no current flows i n  t he  x-direction. 

rElectrodes 7 
I 

I 
\\,'\\ 

For simplicity, it i s  assumed that t h e  electrodes are s o  f i n e l y  segmented 
t h a t  t h e i r  s t ruc ture  introduces no nonuniformities i n t o  the  flow. If JeYx i s  
set  equal t o  zero i n  equation (ll), t h e  current i s  

J = u E' = oo(E - uB) 
e , Y  0 Y Y 

It i s  customary t o  define a load parameter K as the r a t i o  of t h e  voltage 
across t h e  electrodes t o  t h e  open c i r c u i t  voltage, t ha t  i s  

For open c i r c u i t  K = 1, whereas f o r  short  c i r c u i t  K = 0, and t h e  shor t -c i rcu i t  
current i s  JeYy = -0,u.B. 
short  c i r c u i t ,  since 

The m a x i m u m  r a t e  of e lectron heating occurs with a 

2 2  = u E*' = o0u B (1 - K ) 2  
O Y  

After t h e  magnitude of t h e  current has been obtained from equation (18), t h e  
load psrameter i s  calculated from t h e  r e l a t ion  

where 

It should be noted that,  although equation (18) i s  v i r t u a l l y  independent of 
t h e  co l l i s ion  frequency, equation (23 )  indicates  t h a t  t h e  r e l a t ion  between t h e  
current and t h e  e l e c t r i c  f i e l d  involves t h e  co l l i s ion  frequencythrough t h e  con- 
duct i v i t  y ao. 
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The power densi ty  (power developed per uni t  volume) i s  
+ + 

P = -Je * E 

For t h e  segmented generator, t h e  power densi ty  i s  

2 2  P = ( J ~ U  B K ( l  - K) 

(24) 

The calculat ion of current, conductivity, load parameter, and power dens i ty  
f o r  a specif ied electron temperature may be car r ied  out i n  a straightforward man- 
ner f r o m t h e  preceding equations. The value of Te f o r  which K becomes zero 
i s  t h e  maximum electron temperature; e lectron temperatures between t h i s  value and 
t h e  gas temperature T correspond t o  load parameters between 0 and 1. To car ry  
out these  calculations,  t h e  c o l l i s i o n  frequencies must be known. 

Collision Frequencies 

In  Burgers' notation ( r e f .  13), t h e  average c o l l i s i o n  frequency vrt f o r  
momentum t r a n s f e r  from species r t o  species t i s  

where Z?') i s  t h e  cross sect ion f o r  momentum t r a n s f e r  averaged over a l l  sca t -  
t e r i n g  a k i l e s  and r e l a t i v e  v e l o c i t i e s  of t h e  col l iding p a r t i c l e s  and 
mean thermal speed: 

a is a 
2 

2kTr 2kTt 
, 2 = - + -  

mr mt 

In t h e  case of co l l i s ions  between electrons and ions or atoms, c lear ly ,  CL 

may be approximated by t h e  mean electron thermal speed J-. 
For c o l l i s i o n s  between electrons and atoms, t h e  hard e l a s t i c  sphere model 

gives (see eqs. 130a and 131, r e f .  13) 

2 
In  most of t h e  development of reference 13, t h e  temperatures T r  and T t  

a r e  assumed t o  be near ly  equal t o  t h e  mean gas temperature 
a2 = 2kT/p, where 
of t h a t  reference, however, and it i s  shown t h e r e  t h a t  f o r  t h e  energy equation 
t h e  only change i s  t h a t  a2 i s  replaced by equation ( 2 7 )  (see first equation 
at t h e  top  of p. 118, r e f .  13) .  By an extension of Burgers' analysis  t o  t h e  
case of a r b i t r a r y  temperature differences between species (Tr - Tt) ,  it i s  pos- 
s i b l e  t o  show t h a t  t h e  same modification of 
change i n  t h e  momentum t r a n s f e r  equation. (The method outlined i n  reference 1 7  
may be u t i l i z e d  i n  proving t h e  preceding statement.) .  

T, s o  t h a t  
p = m r m t / ( m r  + m t ) .  This assumption is removed i n  Section 25 

a2 i s  a l s o  t h e  only e s s e n t i a l  
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where (5 i s  a dis tance of t h e  order of t h e  radius  of t h e  
however, t h e  experimentally determined value of t h  
atom co l l i s ions  Qea w i l l  be  used i n  place of fio . The 
frequency i s  then wr i t ten  as 

E cross 

atom. In  t h i s  report, 
sec t  ion for electron- 
electron-atom co l l i s ion  

For co l l i s ions  between e lec t rons  and ions, t h e  cross sec t ion  i s  (see 
eq. 147, r e f .  13, rewri t ten here i n  mks u n i t s )  

where from equation 150, reference 

12fi(EokTe) 312 
- - 

3 112 A =  

e N i  

13 

312 
7 Te (mks units) 11/2 

N i  

1.24XLO 

The electron-ion co l l i s ion  frequency is then 

Before t h e  r e s u l t s  for generator performance a r e  presented, it i s  of i n t e r -  
e s t  t o  compare t h e  various c o l l i s i o n  frequencies f o r  a seeded gas over a range 
of e lectron temperatures. Such a comparison will a i d  i n  the in t e rp re t a t ion  of 
t h e  subsequent r e s u l t s  . 

A cesium-seeded argon plasma i s  considered. The following conditions, 
which are a propriate  t o  an MHD generator, a r e  assumed: 

per cubic centimeter, or 1-percent cesium seed. 
t o  a generator operating at Mach 3, a stagnation temperature of 2500' K, and a 
stagnation pressure of 3 a t m . )  For argon, t h e  atom and t h e  ion degeneracies 
are, respect ively 
g + = 1 (re f .  1 6 ) .  
3.89 volts ,  respectively.  

an argon number densi ty  

( T h i s  argon densi ty  corresponds 
= 1 . 1 X l O  Y per cubic centimeter and a cesium number dens i ty  % = l.lXL016 

= 1 and gAr+ = 6, while f o r  cesium, gcs = 2 and , gAr 
The ion iza t ion  poten t ia l s  of argon and cesium are 15.68 and cs 
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The degrees of ionizat ion NA+/Ni and Ns+/lVE of argon and cesium a r e  
calculated f o r  various electron temperatures from t h e  Saha equations (4)  and ( 5 ) ,  
and t h e  r e s u l t s  a r e  shown i n  f igure  1. It can be seen t h a t  t h e  1-percent cesium 
seed becomes near ly  f u l l y  ionized at an electron temperature s l i g h t l y  above 
5000' K. The degree of ionizat ion of argon is  ins igni f icant  below electron tem- 
peratures of 7000' K. When t h e  electron temperature reaches 10,OOOo K, however, 
t h e  number dens i t ies  of argon and cesium ions a r e  comparable. 

Ekperimental values f o r  t h e  electron-atom cross sect ions are required t o  
ca lcu la te  t h e  c o l l i s i o n  frequencies. The average- cross sect ion for argon was 
taken t o  be 2 . 0 ~ l O ' ~ ~  square centimeter, which i s  approximately t h e  value at t h e  
Ramsauer minimum ( r e f .  18). 

There i s  some d i s p a r i t y  i n  t h e  data  ava i lab le  f o r  electron-cesium cross 
sect ions at e lectron energies l e s s  than 1 elec t ron  vol t .  The mean momentum 
t r a n s f e r  cross sec t ion  reported i n  reference 1 9  decreases from 10.6X10'14 
square centimeter a t  an electron temperature of 450' K t o  8.5XlO-14 square cen- 
t imeter  a t  550' K. Unfortunately, t h i s  temperature range is t o o  narrow t o  cover 
t h e  cases of i n t e r e s t  here i n  which t h e  electron temperature may be considerably 
higher. On page 311, reference 20, a constant cesium cross sect ion of 1.3x10-14 
square centimeter is quoted as an applicable value f o r  e lectron energies i n  t h e  
range 0 .1  t o  0.5 e lectron v o l t  (1160' t o  5800' K ) .  According t o  t h e  older  data  
of reference 21, which do not go below about 0 .5  electron volt, t h e  cesium cross 
section is approximately 3. 3x10-l4 square centimeter at t h i s  energy. In  re fer -  
ence 22, cross sect ions were reported i n  t h e  range 0.05 t o  0.062 electron vol t ,  
values considerably lower than those c i t e d  previously (about 1/20 of values of 
re f .  1 9 ) .  Finally,  t h e o r e t i c a l  e l a s t i c  cross sect ions f o r  cesium were derived 
i n  reference 23. The t h e o r e t i c a l  momentum t r a n s f e r  cross sect ion decreases from 
4x10-14 square centimeter at an electron temperature of 1000° K t o  2xLO-14 
square cent iaet e r  a t  ~ O , O O O ~  K. 

In view of t h e  d i s p a r i t y  of these  data, f o r  t h e  purposes of t h e  calcula- 
t i o n s  i n  t h i s  report, a constant value of 3 . 3 X l O - l 4  square centimeter was taken 
f o r  t h e  electron-cesium c o l l i s i o n  cross sect ion.  This value agrees with t h e  
data  of reference 21 and t h e  t h e o r e t i c a l  values of reference 23. It may a l s o  be 
noted t h a t  t h e  extrapolation of t h e  data  of reference 1 9  toward 1 electron v o l t  
approaches t h e  value given i n  reference 21 (see f i g .  3, r e f .  1 9 ) .  

The c o l l i s i o n  frequencies f o r  t h e  electrons with t h e  various const i tuents  
of a cesium-seeded argon plasma a r e  shown as a function of t h e  electron tempera- 
t u r e  i n  f i g u r e  2. The same conditions as f o r  f i g u r e  1 a r e  assumed. For c l a r i t y ,  
t h e  c o l l i s i o n  frequencies with t h e  two ion species were calculated separately.  
From f igure  2 it is c l e a r  tha t ,  a t  e lectron temperatures above 2500° K, t h e  
electron-ion c o l l i s i o n  frequency i s  t h e  dominant one. Also, because of t h e  
presence of seed, t h e  t o t a l  c o l l i s i o n  frequency ve behaves i n  an unusual man- 
ner, first increasing rap id ly  u n t i l  t h e  seed i s  near ly  f u l l y  ionized (a t  about 
5000' K ) ,  then decreasing slowly unt i l ,  at about 9000' K, t h e  ionizat ion of 
argon causes it t o  r i s e  again. 

1 2  



Performance of Segmented Generat or 

For t h e  segmented generator, e lectron temperature, conductivity, power den- 
s i t y ,  and H a l l  parameter were calculated as a function of t h e  load parameter f o r  
argon seeded with various s m a l l  amounts of cesium. The s t a t i c  gas temperature 
T and s t a t i c  pressure p were re fer red  t o  t h e  stagnation temperature To and 
pressure 
approximations f o r  s m a l l  degrees of ionization: 

po by t h e  usual r e l a t i o n s  f o r  isentropic  expansion, which a r e  good 

P \  2 

TO - = l + T ' 1 M 2  
T 2 

where M i s  t h e  Mach number of t h e  flow near t h e  entrance of the  generator. 
The gas veloci ty  i s  

u = M i =  m 

(33) 

(34) 

(35) 

For a monatomic gas such as argon, t h e  r a t i o  of s p e c i f i c  heats is  y = 5/3. 

The following conditions were chosen f o r  t h e  calculat ions f o r  which t h e  re -  
s u l t s  a r e  shown i n  f igures  3 t o  5: stagnation pressure, po, 3 atmospheres; 
stagnation temperature, To, 2500' K; Mach number For these  conditions 
t h e  i n i t i a l  number densi ty  of t h e  argon i n  t h e  generator i s  1.1X1018 per 
cubic centimeter, as i n  f igures  1 and 2. The gas ve loc i ty  i s  1400 meters per 
second, and t h e  gas temperature is 625' K. 

M, 3. 

Ni 

Calculations were carr ied out f o r  two magnetic-field strengths, 0.2 and 
2 webers per square meter ( Z O O 0  and 20,000 gauss, respect ively)  and severa l  
values of t h e  seed fract ion.  The stronger f i e l d  was chosen t o  be of t h e  same 
order as t h e  f i e l d s  achleved i n  present experimental generators (refs. 1 t o  4). 
It might be expected that, with a r e l a t i v e l y  weak magnetic f ie ld ,  t h e  e f fec t ive  
e l e c t r i c  f i e l d  
would be ins igni f icant .  To es tab l i sh  whether t h i s  was, i n  f a c t ,  t h e  case, t h e  
weaker f i e l d  of 0.2 weber per square meter was a l s o  picked. 

E* would be reduced t o  such an extent t ha t  e lectron heating 

For these  two magnetic-field strengths and t h e  aforementioned gas condi- 
t ions,  t h e  load parameter was calculated as a function of t h e  electron tempera- 
t u r e  from equations (20) and (25 ) .  The electron temperature i s  p lo t ted  against  
t h e  load parameter i n  f igure  3. It may be noted that,  f o r  t h e  segmented gener- 
a tor ,  t h e  highest e lectron temperature i s  a t ta ined  with a short c i r c u i t .  The 
most s t r i k i n g  f a c t s  about f i g u r e  3 are that f o r  both magnetic-field strengths 
t h e  electron heating i s  appreciable and t h a t  t h e  highest e lectron temperature 
f o r  any value of t h e  load parameter i s  a t ta ined  f o r  an unseeded plasma. It i s  
a l s o  in te res t ing  t o  note tha t ,  t o  c e r t a i n  values of t h e  load parameter, t h e r e  
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correspond two or t h r e e  electron temperatures. 
varied, some of these  points  may represent unstable states. The unusual shape 
of t h e  curves f o r  seeded argon a r i s e s  from t h e  behavior of t h e  t o t a l  c o l l i s i o n  
frequency ve with increasing electron temperature i l l u s t r a t e d  by t h e  s o l i d  
curve i n  f i g u r e  2. 

Depending on how t h e  f i e l d  i s  

The reduction of t h e  magnetic f i e l d  from 2 t o  0.2 weber per square meter 
produces a comparatively s m a l l  percentage reduction i n  e lectron temperature. 
unseeded argon, t h e  electron temperature decreases by 20 t o  30 percent when t h e  
magnetic f i e l d  i s  reduced. With t h e  addi t ion of seed, however, t h e  electron 
temperature i s  depressed even more i n  t h e  case of t h e  weaker magnetic f i e l d .  For 
example, f o r  B = 2 webers per square meter ?.nd 1 percent seed, t h e  electron t e m -  
perature may s t i l l  reach 9000' K f o r  s u f f i c i e n t l y  s m a l l  load parameters, but 
with B = 0 .2  weber per square meter, t h e  presence of 1 percent seed depresses 
t h e  electron temperature t o  values below 3000° K f o r  a l l  load parameters. 

For 

The electron temperature is, by i t s e l f ,  an inadequate indicat ion of gener- 
a t o r  performance. Therefore, t h e  conductivity and power densi ty  a r e  p lo t ted  
against  load parameter i n  f igures  4 and 5, respectively.  The curves of f igure  4 
f o r  conductivity a r e  q u i t e  similar t o  t h e  curves of f i g u r e  3, as might be ex- 
pected, since, when electron-ion co l l i s ions  dominate, t h e  conductivity varies as 
T3I2 
eter,  t h e  conductivity i s  t h e  greatest  f o r  t h e  unseeded gas. 

For both magnetic-field strengths and f o r  a l l  values of t h e  load param- e *  

The curves of f igure  5 f o r  power densi ty  show t h e  e f fec t  of seeding on gen- 
e ra tor  performance most c lear ly .  It can be seen tha t ,  f o r  a l l  values of t h e  
load parameter, t h e  highest power densi ty  i s  achieved without seeding. 
percentage of seed i s  increased, t h e  sharp reduction i n  power densi ty  extends t o  
lower values of t h e  load parameter. The reduction of t h e  magnetic f i e l d  from 

A s  t h e  

2 t o  0.2 weber per square-meter is accompanied by a drop i n  t h e  power densi ty  of 
more than two orders of magnitude. The f a c t o r  B2 i n  t h e  expression ( 2 5 )  f o r  
t h e  power densi ty  i s  responsible f o r  most of t h i s  drop, t h e  remainder being 
caused by a smaller conductivity due t o  t h e  lower electron temperature. Further- 
more, f o r  t h e  weaker magnetic f i e l d ,  t h e  same percentage of seed causes a l a r g e r  
percentage reduction i n  t h e  power density, as can be seen by comparing t h e  curves 
of f igures  5 ( a )  and (b)  f o r  0 . 1  and 1 percent seed. 

The f a c t  t h a t  seed ac tua l ly  impairs performance may be explained as follows. 
Although t h e  seed ionizes much more e a s i l y  than t h e  gas at r e l a t i v e l y  low tem- 
peratures ( l e s s  than 5000° K) ,  t h e  t o t a l  e lectron c o l l i s i o n  frequency a l s o  in- 
creases because of c o l l i s i o n s  with t h e  ions provided by t h e  seed. The electron 
temperature i s  reduced somewhat by t h e  energy l o s t  i n  these  co l l i s ions .  The 
conductivity, which when electron-ion co l l i s ions  dominat i s  v i r t u a l l y  inde- 
pendent of t h e  electron number densi ty  and var ies  as TZP2, i s  then a l s o  reduced. 
Thus, whenever t h e  electron temperature a t t a i n s  a l e v e l  a t  which electron-ion 
co l l i s ions  dominate (which may occur at r e l a t i v e l y  lowtemperatures, of t h e  order 
of 2500' K) ,  t h e  addi t ion of seed r e s u l t s  i n  a drop i n  performance. 

Since electron-ion co l l i s ions  l i m i t  t h e  a t t a i n a b l e  electron temperature i n  
a l l  cases considered here, t h e  r e s u l t s  w i l l  not be sens i t ive  t o  t h e  d i s p a r i t i e s  
i n  t h e  cesium atom cross section mentioned previously. A signif icant  change i n  
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t h e  calculated r e s u l t s  would a.ppear only i f  t h e  a c t u a l  cesium cross section turns  
out t o  be l a r g e r  than t h e  value used here by more than an order of magnitude. 
Even i f  that were the  case, t h e  conclusion that  seeding i n h i b i t s  e lectron heat- 
ing would s t i l l  be substantiated.  

Finally, it i s  in te res t ing  t o  compare t h e  values of t h e  H a l l  parameter 
f o r  t h e  two magnetic f i e l d s ,  0 .2  and 2 webers per square m e t e r .  The H a l l  param- 
e t e r  i s  p lo t ted  against  t h e  load parameter i n  f i g u r e  6. Comparison of f i g -  
ures 6 ( a )  and (b)  shows tha t ,  except i n  t h e  neighborhood of 
parameter is increased only s l i g h t l y  when t h e  magnetic f i e l d  i s  increased by a 
f a c t o r  of 10. 
ve i s  near ly  t h e  same as t h e  electron-ion frequency vei, which i s  proportional 
t o  Ne and inversely proportional t o  TZ/2. 
i n  higher e lectron temperatures and consequently more ionization, and calcula- 
t i o n s  show that ve  increases i n  roughly t h e  same proportion as B. The f a c t  
t h a t  Be i s  almost independent of B when electron heating i s  appreciable means 
t h a t  comparisons of generator performance should not be based on Be, as was done 
i n  references 10 and 11. 

Be 

K = 1, the Hall 

This i s  a consequence of t h e  f a c t  t h a t  t h e  c o l l i s i o n  frequency 

The stronger magnetic f i e l d  r e s u l t s  

EFFECT OF ION SLIP IN ABSENCE OF SEED 

Since t h e  power densi ty  i s  roughly proportional t o  B2, clearly,  it i s  de- 
s i r a b l e  t o  use t h e  strongest possible magnetic f i e l d .  Furthermore, it i s  ex- 
pected t h a t  e lectron heating would be enhanced by decreasing t h e  density of t h e  
gas, s ince t h e  c o l l i s i o n  frequency would thereby be reduced. It has been sug- 
gested ( r e f .  24), however, that  ion s l i p  would present a d e f i n i t e  l imi ta t ion  on 
t h e  gain t h a t  could be rea l ized  from these  attempts. 

In t h i s  section, t h e  e f fec t  of ion s l i p  w i l l  be considered. Because of t h e  
r e s u l t s  of t h e  previous section, seed w i l l  not be used, and a three-component 
mixture consisting of electrons and ions and atoms of t h e  c a r r i e r  gas w i l l  be 
analyzed. 

Current -Temperature-Field Relations 

Momentum equations of t h e  form of equation (1) a r e  wri t ten f o r  t h e  electrons 
and ions. Again t h e  d r i f t  ve loc i ty  of t h e  gas atoms i s  neglected. When me i s  
neglected i n  t h e  sum me + q ( t  = i, a),  t h e  momentum equations become 

-+ m + +* m v (Gi - we) + 5 viawi = e ( ~  + Gi x 5 )  e i e  ( 3 7 )  

where m i s  t h e  m a s s  of a gas atom. 

The electron current is  
+ + 

J, = -Neewe ( 3 8 )  
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while t h e  t o t a l  current i s  

+ -+ + 
J = Nee(wf - we) ( 3 9 )  

Since N e  = Nj, t h e  c o l l i s i o n  frequencies vie and vei are equal. Equa- 
t i o n s  (36)  and (37) m a y  be wr i t t en  as follows in terms of t h e  currents  
-+ 
J, and 3: 

Equations 

+ -+ + 2+* + -m,veiJ - meveaJe = -Nee E + eJe X B 

- + +  + 2+* + +  - + m  
meveiJ + via(J  - Je) = Nee E + e ( J  - Je) X B 

$0) and (41) a r e  added t o  eliminate g*, and t h z  result,,itg equa- 
t i o n  may be rearranged t o  give t h e  following r e l a t i o n  between J, and J: 

+ J, = - (3 + pi B x 3) 
I + €  B 

where p i  i s  t h e  ion H a l l  parameter defined a s  

p , = 2 - = 2 -  O i  eB 
mv i a  " i a  

and 

E = 2 m e -  "ea 
Via 

(43) 

(44) 

Equation (42) i s  subs t i tu ted  back i n t o  equation (41)& and t h e  r e su l t i ng  
equation may be wr i t ten  as follows f o r  t h e  component of 5 perpendicular t o  5: 

1 

L 2 

where a. i s  t h e  conductivity as defined i n  equation (12) .  

From equations (26) t o  (28) t h e  ion-atom c o l l i s i o n  frequency may be wr i t ten  

and thus, 

16 



Since t h e  r a t i o  Qea/Qia is  ord inar i ly  l e s s  than 1 and s ince Te/T is  of 
order 10 f o r  t h e  cases of i n t e r e s t  here, E i s  much l e s s  than 1. Hence, it will 
be neglected i n  comparison t o  1 i n  equations (42) and (45), which become 

+ --* 
Equation (49) may be solved f o r  t h e  component of J perpendicular t o  B t o  

y ie ld  

which, except f o r  t h e  f a c t o r  2 i n  t h e  def in i t ion  of p b  i s  ident ica l  with equa- 
t i o n  (27) of reference 

Equations (48) and (49) may be used t o  wri te  t h e  r a t e  of e lectron heating 
+ 
Je - $* i n  terms of t h e  t o t a l  current as t h e  ra ther  simple expression 

+ -%+ J2 J e . E  = -  
OO 

Thus, t h e  energy equation i n  t h e  f o q  of equztion (18) may be applied t o  t h e  
ion-sl ip  problem a l s o  simply by writ ing J f o r  Je.  The main changes will 
appear i n  t h e  expression f o r  t h e  load parameter i n  terms of t h e  current.  

Solution f o r  Segmented Generat or 

For t h e  segmented electrode generator, t he  assumption i s  again made t h a t  
t h e  f i e l d  Ex suppresses t h e  H a l l  current, s o  t h a t  Jx = 0. In place of equa- 
t i o n  (23) ,  t h e  following expression i s  obtained by s e t t i n g  
t i o n  (49): 

Jx = 0 i n  equa- 

where t h e  def in i t ion  of t h e  load parameter K i s  unchanged, and J = 1 Jyl . 
The same program of calculat ion t h a t  was used before can be employed. 

electron temperature i s  specified,  J i s  calculated from equation (18), and K 
The 

3This difference evidently a r i s e s  because m was used i n  reference 10 f o r  
t h e  reduced m a s s ,  r a t h e r  than t h e  correct value m/2. 
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i s  determined from equation (52). Note tha t ,  f o r  t h e  same electron temperature 
(and consequently t h e  same current) ,  t h e  value of K calculated from equa- 
t i o n  (52) is smaller than that calculated from equation (23)  w i t h  ion s l i p  neg- 
lected.  In  other  words, with ion s l ip ,  a l a r g e r  f i e l d  is  required t o  a t t a i n  t h e  
same electron temperature, s o  that ion s l i p  reduces e lec t ron  heating. 

The power densi ty  f o r  t h e  segmented generator i s  

Thus, ion s l i p  reduces t h e  power densi ty  i n  two ways. F i rs t ,  because of t h e  
lower electron temperature, cro i s  reduced, and a second reduction i s  made by 
t h e  f ac to r  (1 -t pepi)-'. 

In equations (52) and (53), ion s l i p  en ters  through t h e  product of t h e  H a l l  
parameters pepi. To ca lcu la te  pi, t h e  ion-atom c o l l i s i o n  frequency i s  re -  
quired. I n  t h e  calculat ions of this report ,  t h e  co l l i s ion  frequency i s  obtained 
from experimental da ta  on Ion mobility. The ion mobili ty i s  defined as ( r e f .  25, 
P. 61) 

e 
P i  = - 

mvia 
(54) 

Since via i s  proportional t o  t h e  p a r t i a l  pressure of t h e  gas atoms Pa, accord- 
ing t o  equation (54), pipa 
t h e  mobil i ty  a r e  r e fe r r ed  t o  some standard pressure and temperature (such as 1 mm 
Rg and 300' K),  and t h i s  standard mobil i ty  i s  denoted The mobili ty da ta  a r e  
then presented i n  curves of po against  E/p,  where E is t h e  e l e c t r i c  f i e l d .  
A s e t  of such curves f o r  helium, neon, and argon i s  presented i n  f igu re  3.24(a) 
of reference 25. The mobili ty po is near ly  independent of E/pa for low 
Elpal while it drops off with high E/pa. Fortunately, f o r  t h e  e f fec t ive  f i e l d s  
E and gas pressures of i n t e r e s t  here, it tu rns  out that E?/pa remains i n  t h e  
range f o r  which po is  near ly  constant. 

i s  a constant. Usually, the experimental values of 

po. 

From t h e  preceding considerations, t h e  ion-atom c o l l i s i o n  frequency may be 
wr i t ten  as 

where p i s  t h e  gas pressure i n  t h e  absence of ionization, f i s  t h e  degree of 
ionization, and po is  t h e  mobili ty ( in  units of m2/(v)(sec))  re fer red  t o  t h e  
reference pressure pref. The mobili ty po a l s o  decreases somewhat with in-  
creasing gas temperature, but t h e  ava i lab le  da ta  f i g s .  3.25 t o  3.27, r e f .  25) 
on t h e  temperature dependence do not go above 350' K, s o  this ef fec t  will not be 
taken i n t o  account. In  any case, a smaller mobil i ty  would mean less ion s l i p  
and would r e s u l t  i n  a more opt imist ic  estimate of t h e  e lec t ron  temperature. The 
values of po for helium, neon, and argon at 1 millimeter of mercury and 300' K 
a r e  given i n  t a b l e  3.1 of reference 25. For argon, po i s  0.146 square meter 
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per v o l t  per second. 

From e q k t i o n s  (43) and (55) ,  it is seen that t h e  ion H a l l  parameter p i  is 
It i s  therefore  of i n t e r e s t  t o  es tab l i sh  t h e  gas proportional t o  t h e  r a t i o  B/p. 

pressure and t h e  magnetic f i e l d  f o r  which t h e  maximum electron heating and t h e  
maximum power densi ty  a r e  a t ta ined.  

Performance of Segmented Generator with Ion S l i p  

Calculations were car r ied  out f o r  unseeded argon i n  a segmented electrode 
generator. Three magnetic-field s t rengths  were chosen: 0.2, 2, and 10 webers 
per squai-e meter. The 2-weber-per-square-meter (20,000 gauss) f i e l d  i s  charac- 
t e r i s t i c  of generators t h a t  a r e  present ly  i n  operation; a 10-weber-per-square- 
meter (100,000 gauss) f i e l d  is a l s o  a t ta inable .  
gas density, e lectron temperature, conductivity, and power densi ty  were calcu- 
l a t e d  f o r  load parameters varying between 0 and 1. From these  r e s u l t s  t h e  value 
of K a t  which t h e  power densi ty  reached a maximum w a s  determined. This m a x i -  
mum power density, along with t h e  corresponding conductivity and load parameter, 
i s  p lo t ted  against t he  reservoir  pressure i n  f igures  7 and 8. Figure 7 i s  f o r  a 
Mach number of 3 and a stagnation temperature of 2500° K, f o r  which t h e  gas ve- 
l o c i t y  i s  1400 meters per second and t h e  s t a t i c  temperature 625O K. These con- 
d i t ions  correspond t o  t h e  conditions of t h e  previous section. Figure 8 r e f e r s  
t o  a Mach number of 1 and a stagnation temperature of 1500° K, for which t h e  gas 
ve loc i ty  i s  625 meters per second and t h e  s t a t i c  temperature 1125' K. 

For each f i e l d  s t rength  and 

Several in te res t ing  conclusions can be drawn from these  f igures .  F i r s t  of 
a l l ,  f o r  a given magnetic f i e l d ,  t h e  power densi ty  reaches a maximum at a cer ta in  
value of t h e  gas pressure. A t  lower pressure, ion s l i p  causes t h e  power t o  drop 
off rapidly, while at higher pressures electron-atom col l i s ions  i n h i b i t  t h e  at - 
tainment of high electron temperatures. Increasing t h e  magnetic f i e l d  r a i s e s  
t h e  maximum power densi ty  considerably, but t h e  generator must be operated a t  a 
higher gas pressure t o  produce t h e  maximum power. 

The e f fec t  of reducing Mach number and stagnation temperature shows up i n  a 
s ign i f icant  reduction i n  power density.  T h i s  i s  due mostly t o  t h e  smaller gas 
velocity.  For example, comparison of t h e  power-density curves of f igures  7 and 8 
shows t h a t  t h e  maximum power densi ty  i s  reduced by a f a c t o r  of approximately 1/6. 
This reduction i s  s l i g h t l y  grea te r  than t h e  r a t i o  of t h e  squares of t h e  veloc- 
i t i e s ,  namely, 
t i o n  (53). Actually, because of a smaller induced e l e c t r i c  f i e l d ,  t h e  electron 
temperature and, therefore,  t h e  conductivity i s  a l s o  reduced. 

(625/1400)2 = 1/5, which i s  t h e  reduction expected from equa- 

The power-density data  of f igures  7 and 8 a r e  p lo t ted  against  B/p i n  f i g -  
ure 9 t o  show more c l e a r l y  the  operating point f o r  maximum power output. I n  this 
figure,  t h e  ordinate i s  a normalized power density, obtained by dividing t h e  
a c t u a l  power densi ty  by 
u n i t s  as conductivity. 
a given s t a t i c  temperature and gas ve loc i ty) ,  t h e  point of maximum power occurs 
at t h e  same value of B/p, independent of t h e  magnetic f i e l d .  This i s  a conse- 
quence of t h e  f a c t  that pi varies as B/p, while because of e lectron heating 

2 2  u B , so t h a t  t h e  normalized power densi ty  has t h e  same 
For a given stagnation temperature and Mach number ( i .e . ,  
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pe i s  very near ly  independent of B; hence, t h e  term 1 + pepi i n  equations 
(52) and (53) i s  a function of B/p only. 

For TO = 2500' K 
B/p = 64. For TO = 1500' K and M = 1, t h i s  point i s  at a lower value of 
B/p, namely B/p = 32. 
i n  t h e  l a t t e r  case r e s u l t s  i n  a smaller induced e l e c t r i c  f i e l d  and lower elec- 
t r o n  temperatures. 

and M = 3, t h e  point of maximum power occurs a t  

This difference a r i s e s  because t h e  lower gas ve loc i ty  

It i s  i n t e r e s t i n g  t o  note from f igures  7 and 8 that t h e  m a x i m u m  conductiv- 
i t y  and t h e  maximum power dens i ty  do not occur at t h e  same pressures. As t h e  
gas pressure i s  reduced, first t h e  power densi ty  drops off, and then t h e  conduc- 
t i v i t y .  The reason i s  t h a t  t h e  generator load parameter a l s o  decreases with de- 
creasing gas pressure, as shown by t h e  curves f o r  K. Thus, t h e  conductivity is  
not an adequate indicat ion of generator performance by i t s e l f .  It may a l s o  be 
seen t h a t  t h e  maximum power is  a t ta ined  f o r  load parameters between 0 .4  and 
0.45, instead of 0.5, f o r  which t h e  f a c t o r  
mum. 

K ( l  - K) i n  equation (53) i s  a maxi- 

Calculations have a l s o  been car r ied  out f o r  t h e  Hall generator. The re- 
s u l t s  f o r  conductivity and power densi ty  i n  t h e  Hall generator a r e  i d e n t i c a l  t o  
t h e  r e s u l t s  presented herein for t h e  segmented electrode generator, except t h a t  
t h e  load parameter K f o r  t h e  segmented generator is  replaced by 1 - KHall, 
where KHall 
Hall generator t o  t h e  open c i r c u i t  voltage. 

i s  t h e  r a t i o  of voltage across t h e  terminal electrodes of t h e  

The operating pressures for maximum power dens i ty  a r e  qui te  reasonable; f o r  
B = 2 webers per square meter, t h e  optimum reservoir  pressure i s  1 atmosphere, 
while even f o r  t h e  extremely high f i e l d  of B = 10 webers per square meter, t h e  
optimum reservoir  pressure has t h e  reasonable value of 5 atmospheres. Since ion 
s l i p  can be minimized by operating at t h e  proper pressure, it appears t h a t  t h i s  
e f fec t  need not represent any important l imi ta t ion  on generator performance. 

CONCLUDING RENARKS 

The calculat ions presented i n  t h i s  report  ind ica te  t h a t  very high electron 
temperatures, conductivit ies,  and power dens i t ies  a r e  a t ta inable  i n  magnetohydro- 
dynamic generators without seeding, and t h a t  seeding ac tua l ly  has a deleter ious 
e f fec t  on electron heating. The r e s u l t s  appear so opt imist ic  t h a t  some reserva- 
t i o n s  need t o  be made. F i r s t  of al l ,  it should be mentioned t h a t  t h i s  conclusion 
i s  v a l i d  only f o r  monatomic c a r r i e r  gases such as helium, neon, and argon, which 
have s m a l l  cross sect ions f o r  t h e  e l a s t i c  sca t te r ing  of Low-energy electrons. 
O f  these gases, argon has t h e  smallest cross sect ion and i s  thus t h e  most favor- 
ab le  f o r  e lectron heating. In  flame gases, which contain nondissociated mole- 
cules of water vapor, carbon dioxide, carbon monoxide, and so forth,  t h e  com- 
parat ively large cross sections f o r  c o l l i s i o n  with electrons (about 100 times 
t h a t  of argon, see r e f .  20) would inh ib i t  e lectron heating considerably, and it 
i s  t o  be expected t h a t  seeding would be required t o  provide an acceptable degree 
of ionization. 

20 
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A more important reservat ion a r i s e s  from t h e  assumption made i n  th i s  report  
that t h e  only mechanism of energy l o s s  from t h e  electrons i s  e l a s t i c  co l l i s ion  
with ions and atoms. Thus, it has been impl i c i t l y  assumed that whatever energy 
t h e  f r e e  electrons lose  i n  i n e l a s t i c  co l l i s ions  producing exc i ta t ion  or ioniza- 
t i o n  of t h e  atoms is returned t o  them by recombination processes. 
t h e r e  might be a net energy loss from t h e  f r e e  electrons due t o  r ad ia t ive  recom- 
binat ions and de-excitations i n  which t h e  emitted rad ia t ion  escapes from t h e  
plasma. The net r e s u l t  of recombination could be a reduction of t h e  e lec t ron  
temperature. The magnitude of t h i s  e f f ec t  may be la rge  and remains t o  be de te r -  
mined. 

Actually, 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 2, 1963 
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APPEND= A 

SYMBOLS 

magnet ic-f  i e l d  s t rength 

e l e c t r i c  f i e l d  

e f f e c t i v e  e l e c t r i c  f i e l d ,  eq. ( 2 )  

e lectron charge 

e l e c t r i c  charge of p a r t i c l e  of r th species 

degree of ionizat ion 

ground s t a t e  degeneracy 

Planck constant 

current densi ty  

load parameter, eq. (21)  

defined by eq. (B3) 

Boltzmann constant 

Mach number 

mass of gas atom 

m a s s  of p a r t i c l e  of rth species 

number of p a r t i c l e s  of rth species per uni t  volume 

sum of number dens i t ies  of ions and atoms of species r, eq. ( 6 )  

number of p a r t i c l e s  of tth species per uni t  volume 

power densi ty  

s t a t i c  gas pressure 

p a r t i a l  pressure of r t h  species 

stagnation or reservoir  pressure 

c o l l i s i o n  cross sect ion 
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T 

Tr 

TO 

U 

a 

De 

p i  

Y 

6 

E 

€0 

A 

p i  

PO 

E 

ve  

V 

P 

P r  

st at i c  gas temperature 

temperature of r t h  species 

stagnation temperature 

mean gas velocity,  eq. (Bl) 

mean ve loc i ty  of r th species 

ionizat ion poten t ia l  of gas 

ionization poten t ia l  of seed 

d r i f t  veloci ty  of rth species, eq. (B4) 

drif t  veloci ty  of t species t h  

average c o l l i s i o n  cross sect ion f o r  momentum t r a n s f e r  from species r 
t o  species t 

mean thermal speed, eq. (27 )  

electron H a l l  parameter, eq. (13) 

ion H a l l  parameter, eq. (43) 

r a t i o  of spec i f ic  heats 

defined by eq. (19)  

defined by eq. (44) 

permi t t iv i ty  of f r e e  space 

defined by eq. (31) 

ion mobili ty 

reference ion mobili ty 

e f fec t ive  c o l l i s i o n  frequency f o r  energy t ransfer ,  eq. (16)  

t o t a l  e lectron c o l l i s i o n  frequency, eq. (9 )  

mean c o l l i s i o n  frequency f o r  momentum t r a n s f e r  from species r t o  
species t 

t o t a l  m a s s  densi ty  

mass density of rth species 
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e l e c t r i c a l  conductivity, eq. (12) 

e lectron cyclotron frequency we 

wi ion cyclotron frequency 

Subscript s : 

A 

A r  

A+ 

a 

cs 

e 

i 

r 

re f  

S 

S+ 

t 

x, Y 

c a r r i e r  gas atom 

argon 

c a r r i e r  gas ion 

at om 

cesium 

electron 

i on 

rth 

r e f e r  enc e 

seed atom 

seed ion 

tth species (t = e,i,a,A,A+,S,S+) 

coordinate d i rec t ions  

species (r = e, i , a , ~ ,  A+, s,s+) 

Superscript: 

vector + 

24 

I I 



APPENDIX B 

SIMF'LIFICAlCION O F  BURGERS' MOMENTUM AND ENERGY EQUATIONS 

The assumptions t h a t  a r e  used i n  t h e  reduction and s h p l i f i c a t i o n  of 
Burgers' momentum and energy equations a r e  discussed herein. 
be consulted f o r  t h e  general  method of deriving these  equations and for t h e i r  
appl icat ion t o  t h e  calculat ion of t h e  t ransport  propert ies  of gases. 

Reference 13 may 

It is assumed that t h e  d i s t r i b u t i o n  function of each species i s  near ly  
Maxwellian with respect t o  t h e  mean gas velocity,  which i s  defined as 

where is t h e  m a s s  densi ty  of species r and p i s  t h e  t o t a l  density, that 
is, p ='E pr. The mean ve loc i ty  of t h e  rth species i s  denoted by gr. 

r 

The d is t r ibu t ion  function i s  wri t ten as t h e  sum of t h e  Maxwellian d is t r ibu-  
t i o n  and a s m a l l  perturbation (see eq. 52, re f .  13). Because of t h e  assumed 
smallness of t h e  perturbation, i t s  contribution t o  t h e  t r a n s f e r  equations i s  of  
importance only when it appears i n  terms with la rge  coeff ic ients .  The c o l l i s i o n  
terms contain t h e  c o l l i s i o n  frequencies as coeff ic ients ,  and s ince these  f r e -  
quencies a r e  la rge  (of t h e  order of 101o/sec) i n  t h e  cases of i n t e r e s t  i n  t h i s  
report, t h e  contribution of t h e  perturbation must be retained i n  t h e  c o l l i s i o n  
terms. Furthermore, s ince strong e l e c t r i c  and magnetic f i e l d s  a r e  t o  be con- 
sidered herein, coeff ic ient  s containing t h e  i n t e n s i t i e s  of these  f i e l d s  a r e  a l s o  
large.  An example of such a coeff ic ient  i s  t h e  electron cyclotron frequency 
eB/me, which f o r  t h e  magnetic-field s t rengths  of i n t e r e s t  i s  of t h e  order of 
1011 per second. 
discussion of t h i s  method of t r e a t i n g  t h e  perturbation terms. 

Section 6, page 25, of reference 13 contains a more complete 

The resu l t ing  equation f o r  t h e  t r a n s f e r  of momentum from species r may be 
wri t ten as 

The l e f t  s ide  of equation (B2) is  taken f r o m t h e  expression 56 on page 30 of 
reference 13. Here, steady-state conditions a r e  assumed, t h e  grav i ty  force  i s  
neglected, and t h e  i n t e n s i t y  B of t h e  magnetic f i e l d  i s  expressed i n  mks uni t s .  
The c o l l i s i o n  term appearing on t h e  r i g h t  s i d e  i s  i d e n t i c a l  t o  expression 83 on 
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page 42 of reference 13, except t h a t  Burgers' " f r i c t i o n  coeff ic ient"  has 
been r e l a t ed  t o  t h e  co l l i s ion  frequency 
r t o  species t by t h e  equal i ty  

v h  f o r  momentum t r a n s f e r  from species 

%"rt 
Krt = m,mt 

"r + mt 
033) 

where N i s  t h e  number of p a r t i c l e s  of species  r per uni t  volume. I n  equa- 
t i o n  (B27, P r  stands f o r  t h e  p a r t i a l  pressure of t h e  rth species, e, is t h e  
e l e c t r i c  charge of a p a r t i c l e  of t h e  rth species, Gr is t h e  d r i f t  velocity,  
of t h i s  species  r e l a t i v e  t o  t h e  mean flow velocity,  that is, 

-+ -+ -+ wr = ur - u 

and z* 
with t h e  mean gas veloci ty:  

stands f o r  t h e  e f f ec t ive  e l e c t r i c  f i e l d  i n  a coortiinate system moving 

-%+ -+ E = E + z X g  

The coef f ic ien t  
and i s  usua l ly  of order unity. The vectors  rr and ;t are reduced heat f l u x  
vectors  (defined i n  eq. 82, ref. 13). They w i l l  be neglected here. Their neg- 
l e c t  corresponds t o  t h e  so-cal led first approximation f o r  t h e  d i f fus ion  coef- 
f i c i e n t s .  The second approximation i s  obtained by including them. Actually, 
calculat ions using t h i s  second approximation have been car r ied  out by t h e  
authors along t h e  l i n e s  of t h e  analysis  of reference 26 f o r  a p a r t i a l l y  ionized 
gas. Such calculat ions a r e  r a the r  lengthy and are not included i n  t h i s  report .  
The second approximation leads t o  more opt imist ic  values of t h e  conductivity and 
t h e  power densi ty  i n  an MHD generator, however. 
duc t iv i ty  was about 6 percent, and t h e  maximum increase i n  power dens i ty  was 
about 1 7  percent f o r  a segmented electrode generator operating with unseeded 
argon at Mach 3 with a magnetic f i e l d  of 2 webers/sq m, a stagnation temperature 
of 2500' K and a stagnation pressure of 3 a t m .  ) 

zrt i s  t h e  r a t i o  of two cross sec t ions  ( see  eq. 81, ref. 13) + 

(The maxi" increase i n  con- 

The equation f o r  t h e  t r a n s f e r  of energy from species r may be wr i t ten  as 

t 

where k i s  t h e  Boltzmann constant. The l e f t  s ide  of equation (B6) i s  expres- 
s ion 59, page 31, of reference 13, while t h e  co l l i s ion  term on t h e  r igh t  s ide  
follows from expression 99, page 50, of reference 13. 

Because of t h e  m a s s  f ac to r  %%/(I+ + %)' on t h e  r igh t  s ide  of equa- 
t i o n  (B6), t h e  r a t e  of energy t r a n s f e r  by e l a s t i c  co l l i s ions  between t h e  atom 
and t h e  ion species i s  much l a rge r  than t h e  r a t e  of energy t r a n s f e r  i n  e l a s t i c  
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c o l l i s i o n s  between t h e  electrons and t h e  atoms or t h e  ions. Thus, it may be ex- 
pected t h a t  co l l i s ions  between ions and atoms will tend t o  maintain temperature 
equilibrium between them, whereas t h e  electron temperature may grea t ly  exceed 
t h e  temperatures of t h e  ions and t h e  atoms. For t h i s  reason it will be assumed 
that t he  temperatures of t h e  ion and the  atom species a r e  t h e  same as t h e  s t a t i c  
temperature T of t h e  gas mixture (excluding the  electrons) ,  that is, 

Tt = T f o r  t f e (B7 1 

The gas temperature T will b e  assumed t o  be known. A s  a r e s u l t  of these  
assumptions t h e  only energy equation that need be considered i s  that f o r  t h e  
electrons.  

The i n e r t i a  terms i n  t h e  momentum equations f o r  t h e  ions and t h e  electrons 
(but not f o r  t h e  atoms) w i l l  be neglected. 
neglecting these terms, t h e  following argument i s  given; A three-component 
plasma consisting of electrons ( e ) ,  ions (i), and atoms (a) i s  considered. The 
argument m a y  be e a s i l y  extended t o  a seeded plasma having two atom and two ion 

To provide some j u s t i f i c a t i o n  f o r  

- 
species.  Equations (Bz) a r e  wri t ten 

~ 

Pe(G * 0); + Vpe + Nee@* + Ge X 

Pi(; . 0); + Vpi - Nie(z* + “;i X 

+ -+ --f 

P,(u V)U + ma = Mae 

The c o l l i s i o n  terms f o r  momentum t r a n s f e r  from species r t o  species t 
a r e  here abbreviated as &. Note tha t  

Since 
than t h e  atom i n e r t i a  term 

1 Pe(< - 0);1 << 1 Mea!, and t h e  electron i n e r t i a  term i n  equation (B8) may be 
neglected. If it i s  assumed t h a t  t h e  gas is  only s l i g h t l y  ionized, then 
pi << pa. 
t i f y  neglecting t h e  ion i n e r t i a  term. 

Pe << Pa, t h e  electron inertia+term P e ( z  V); is c l e a r l y  much smaller 
PaG - 0)u.  +Accordiftg t o  equation (BlO),  

pa(; * V)Gl i s  of t h e  same order as lMael  = 1 Mea\ . Thus, 
-+ 

A similar argument using equations (B9) and (B10) may be made t o  jus- 

The ion pressure gradient Qi w i l l  a l so  be assumed s m a l l  i n  comparison 
w i t h  t h e  electron and t h e  atom pressure gradients because of t h e  low degree of 
ionizat ion and t h e  high electron temperature. Therefore, t h e  momentum qua-  
t i o n s  (B8) and (B9) a r e  s i m p l i f i e d t o  

-+ -+ --* 
Qe + Nee(? + Ge X B) = Mei + Mea 
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In t h e  e lec t ron  energy equation, two terms involving gradients  appear, 
5 + namely, 3 2 

s l i g h t l y  ionized may be u t i l i z e d  t o  show t h a t  - u Vpe >> pe(V t). T h i s  

argument proceeds as follows: The cont inui ty  equation for t h e  gas mixture i s  

- Vpe and 5 pe(V - u) .  The assumption t h a t  t h e  gas i s  only 
3 +  5 
2 

from which it follows t h a t  

Since pe and P i  a r e  assumed t o  be much smaller than pa, t h e  approximation 
p = pa 
tained: 

may be made i n  equation (Bl5). The following approximation is  then ob- 

- 5 pe(" * + u) = -- peu +*(?s) 
2 2 

3 +  
2 

The term - u * Vpe i s  wr i t ten  a s  

3 +  3 -  we me 
- 2 u vpe = peu ' (c+c) 

If t h e  gradients  We and VNa a r e  assumed t o  be of t h e  same orderY4 then be- 
cause of t h e  assumption of s l i gh t  ionization, Na >> Ne, comparison of expres- 

3-+ 5 + 
sions (B16) and (B17) leads t o  t h e  conclusion t h a t  2 u * Vpe >> - p (V * u) .  
Therefore, t h e  e lec t ron  energy equation may be wr i t t en  as 

2 e  

where me has been neglected i n  t h e  sum me + m t  on t h e  r igh t  s ide  or" equa- 
t i o n  (B6). 

The electron pressure gradient appears i n  equations (B12) and (B18). It 
will be assumed t h a t  within t h e  generator duct t h e r e  i s  a sect ion at which t h e  
e lec t ron  temperature and e lec t ron  number dens i ty  together  a t t a i n  a maximum; 

41f t h e  ions did not d i f fuse  away from t h e  region where they were produced, 

i s  t h e  i n i t i a l  atom number densi ty  before ionizat ion takes  place) .  

0 t h e  r e l a t i o n  

(@ Since 
ITe = N i  by charge neut ra l i ty ,  t h e  preceding r e l a t i o n  would imply We = -ma. 

Ni + Na = Na = constant might be expected t o  be va l id  at each point 
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hence, t h e  pressure gradient %e i s  negl igibly small. The present analysis  i s  
r e s t r i c t e d  t o  t h i s  region. Clearly, t h e  assumption t h a t  t h e  e lec t ron  tempera- 
t u r e  and number densi ty  a r e  at t h e i r  m a x i "  a t t a inab le  values will r e s u l t  i n  
t h e  most opt imist ic  estimate of generator performance. 
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10 12x1 

Figure 1. - Degrees of i o n i z a t i o n  of c o n s t i t u t e n t s  of  seeded plasma f o r  
var ious e l e c t r o n  temperatures. Argon with 1-percent cesium seed; 
i n i t i a l  argon number density,  1. 1 X 1 0 l 8  per  cubic centimeter.  
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Figure 2. - Collision frequency as function of electron temperature for 
seeded plasma. Argon with 1-percent cesium seed; initial argon num- 
ber density, 1.1x1018 per cubic centimeter. 
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F igure  3. - Elec t ron  tempera ture  a s  f u n c t i o n  of load  parameter .  Segmented e l e c t r o n  gen- 
e r a t o r ;  argon seeded wi th  cesium; s t a g n a t i o n  p res su re ,  3 atmospheres; s t a g n a t i o n  tem- 
p e r a t u r e ,  2500° K; Mach number, 3; s t a t i c  gas  temperature ,  6250 K; mean gas  v e l o c i t y ,  
1400 meters  per  second. 



( a )  Magne t i c - f i e ld  s t r e n g t h ,  2 webers p e r  square ( b )  Magnet ic-f ie ld  s t r e n g t h ,  0 .2  webers p e r  square 
meter . 
Figure  4. - Conduct ivi ty  as f u n c t i o n  of l oad  parameter .  Segmented e l e c t r o d e  g e n e r a t o r ;  argon seeded 

wi th  cesium; s t a g n a t i o n  p r e s s u r e ,  3 atmospheres1 s t a g n a t i o n  t empera tu re ,  2500° K; Mach number, 3; 
s t a t i c  gas  temperature ,  625' K; mean gas  v e l o c i t y ,  1400 meters  p e r  second. 
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with cesium; stagnation pressure, 3 atmospheres; stagnation temperature, 25000 K; Mach number, 3; 
static gas temperature, 625O K; mean gas velocity, 1400 meters per second. 
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Figure 6 .  - Hall parameter as funct ion o f  load parameter. Segmented e lec t rode  generator;  argon seeded 
with cesium; s tagnat ion pressure,  3 atmospheres; s tagnat ion  temperature, 25000 K; Mach number, 3; 
s t a t i c  gas temperature, 625' K; mean gas ve loc i ty ,  1400 meters per second. 
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Figure 7. - Effect of reservoir pressure on generator performance for 
unseeded argon. 
static gas temperature, 625' KJ mean gas velocity, 1400 meters per 
second. 

Stagnation temperature, 2500' Kj Mach number, 3; 
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(b) Magnetic-field strength,  2 webers per square meter. 

Figure 7. - Continued. Effect of reservoi r  pressure on generator 
performance f o r  unseeded argon. 
2500' K j  Mach number, 3; s t a t i c  gas temperature, 625O KJ mean 
gas veloci ty ,  1400 meters per second, 
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(c) Magnetic-field strength, 10 webers per square meter. 

Figure 7. - Concluded, Effect of reservoir pressureon generator 
performance for unseeded argon. 
2500' K j  Mach number, 3; static gas temperature, 625' K j  mean 
gas velocity, 1400 meters per second. 
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(a) Magnetic-field strength, 0.2 weber per square meter. 

Figure 8. - Effect of reservoir pressure on generator performance for 
unseeded argon. 
static gas temperature, 1125' K; mean velocity, 625 meters per sec- 
ond. 

Stagnation temperature, 1500' K; Mach number, 1; 
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Figure 8, - Continued. Effect of reservoir pressure on generator 
performance for unseeded argon. 
1500' KJ Mach number, 1j static gas temperature, 1125O K j  mean 
gas velocity, 625 meters per second. 
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Figure 9, - Normalized power density as function of magnetic-field - pressure ratio.  


